The catalytic function of the hairpin ribozyme has been investigated by modification-interference analysis of both ribozyme and substrate, using ribonucleoside phosphorothioates. Thiophosphate substitutions in two ribozyme domains were examined by using a novel and highly efficient two-piece ribozyme assembled from two Independently synthesized oligoribonucleotides. The catalytic proficiency of the two-piece construct (KM = 48 nM, kcat = 2.3 min~1) is nearly identical to that of the one-piece ribozyme. The two-piece ribozyme is essentially unaffected by substitution with thiophosphates 5' to all guanosines, cytidines, and uridlnes. In contrast, incorporation of multiple adenosine phosphorothioates in the 5' domain of the ribozyme decreases ribozyme activity by a factor of 25. Modification-interference experiments using ribozymes partially substituted with adenosine phosphorothioate suggest that thiophosphates 5' to A 7 , Ag and A 10 interfere with cleavage to a greater extent than substitutions at other sites within the molecule, but the effect is modest. Within the substrate, phosphorothioate substitution does not directly interfere with cleavage, rather, increasing thiophosphate content decreases the stability of the rlbozyme-substrate complex. We describe the construction of a hairpin ribozyme containing dinucleotide extensions at its 5' and 3' ends. Full substitution of this molecule with G and C phosphorothioates results in a ribozyme with greatly enhanced stability against cellular ribonucleases without significant loss of catalytic efficiency.
INTRODUCTION
The hairpin ribozyme is derived from the minus strand of tobacco ring spot virus satellite RNA, and catalyzes site-specific RNA cleavage in trans [1, 2] . Cleavage activity is dependent upon divalent cations and gives rise to cleavage products containing 5'-hydroxyl and 2',3'-cyclic phosphate termini. The hairpin is an efficient ribozyme, cleaving its substrate with a KM of 30-50 nM and k^ of 2-3 min" 1 [1, 3] . In these respects, the hairpin ribozyme resembles the hammerhead, a different ribozyme that emanates from the opposite (plus) strand of the same satellite RNA.
Although the hairpin and hammerhead ribozymes catalyze similar RNA cleavage reactions, recent evidence clearly indicates that they are fundamentally distinct enzymes. These catalysts differ in size, primary and secondary structure. RNA cleavage by the hairpin requires the 2-amino group of the substrate guanosine immediately 3' of the cleavage site [4] ; no such guanosine requirement exists for the hammerhead. Substrate cleavage by the hairpin ribozyme is reversible, so that ligation products can be observed [5, 6] . This ligation reaction forms the basis for a useful in vitro selection method [7] . While hammerhead cleavage is strongly inhibited by the presence of pro-Rp (non-bridging) thiophosphate at the cleavage site [8] [9] [10] [11] [12] , the hairpin attacks a similarly substituted phosphodiester [8, 9] with minimal reduction in rate [3] .
Nucleoside phosphorothioates are useful tools for analysis of the stereochemical course of enzyme-catalyzed reactions involving phosphate esters, and for probing the function of phosphate oxygens in RNA structure and function [13] [14] [15] . In addition, phosphorothioate substitution of nucleic acids results in increased resistance to degradation by nucleases [16] and possibly in enhanced cellular uptake. Because of these advantages, thiophosphate-containing oligonucleotides are favored for mRNA inactivation in cells using antisense technologies [14, 17] . Ribozymes have great potential for experiments involving the inactivation of targeted mRNAs via a catalytic mechanism [18, 19] . The ability to introduce thiophosphates into ribozymes without compromising catalytic activity would significantly enhance the potential utility of ribozymes in living systems. Here, we report the use of ribonucleoside phosphorothioates to study structure and function of the hairpin ribozyme, and describe the development of a thiophosphate-modified hairpin ribozyme that possesses significantly increased stability to ribonucleases without concomitant loss of catalytic activity.
MATERIALS AND METHODS Transcription and cleavage reactions
Ribozyme and substrate RNAs were transcribed from oligodeoxyribonucleotide templates by T7 RNA polymerase as described [3, 20] . Transcripts were internally labeled by including 50 /tCi a-P CTP in the transcription mixture, then gel-purified as described [3] . Transcripts were substituted with phosphorothioates by including one or more a-phosphorothioate nucleotide triphosphates (NTPorS; NEN) during transcription in place of the normal NTPs. Cleavage reactions were carried out as described [3] . The standard ribozyme reaction buffer consisted of 40 mM Tris HC1 (pH 7.5), 12 mM MgCl 2 , and 2 mM spermidine. The RNAs were denatured and reannealed by heating to 95 °C for 2 min, then rapidly cooled on ice for 30 min. The cleavage reaction was initiated by incubation at 37°C. No cleavage products were observed in the absence of the 37 °C incubation. Steady state kinetic analysis was carried out as described [3] .
Binding assays
The formation of ribozyme-substrate complex was analyzed by native gel electrophoresis. Previously, we showed that the noncleavable substrate analog G + |A is a competitive inhibitor of the substrate that binds tightly to the ribozyme [3] . In the binding assays, unlabeled ribozyme was incubated with the labeled G +) A in the standard cleavage buffer at 4°C for greater than two hours. Time course studies have shown that this time is adequate for binding to reach equilibrium under these conditions {results not shown). Samples were mixed with an equal volume of glycerol/loading buffer and loaded on to a 10% native polyacrylamide gel containing 40 mM Tris HC1 (pH 7.5) and 12 mM magnesium acetate. The running buffer also contained 40 mM Tris HC1 (pH 7.5) and 12 mM magnesium acetate. The gels were electrophoresed for 10-12 hours at 4°C. Results were obtained by autoradiography and quantitatively analyzed from dried gels using radioanalytic imaging using Betascan instrument (Betagen).
Modification interference assay A self-cleaving molecule was used for this study [7; Fig. 1 ]. RNAs were substituted with ribonucleoside phosphorothioates such that there was an average of one substitution per molecule. These partially phosphorothioate-substituted RNAs were 5' end labeled during transcription by the inclusion of [7- 32 P] GTP during transcription [20] , such that the reaction contained 0.1 mM (100 ,iCi) GTP, and 1 mM ATP, UTP, and CTP. Partially phosphorothioate-substituted and 5'-end labeled RNAs undergo self-cleavage during transcription. The cleaved fraction was separated from the uncleaved fraction by denaturing polyacrylamide gel electrophoresis. The appropriate bands were eluted from the gel, resuspended in formamide loading buffer and cleaved at the phosphorothioate linkages with 10% 2-iodoethanol (Aldrich) at 95 °C for 4 min [15] . Reaction products were analyzed on 15% poly aery lamide-urea sequencing gels, and quantitated as described above.
Nuclease sensitivity assay Unsubstituted and phosphorothioate (GCaS) substituted ribozymes were incubated separately at 37°C with 10 /xg combined HeLa cell nuclear and cytoplasmic extract in 50 fil cleavage buffer. Extracts were a generous gift of Gregory Gilmartin. Aliquots of 10 /tl were taken at each indicated time point and the samples were analyzed on denaturing 20% polyacrylamide-urea gels. Results were quantitated as described above.
RESULTS AND DISCUSSION

Ribozyme cleavage of phosphorothioate-substituted RNAs
Recently, we showed that the hairpin ribozyme can efficiently cleave a phosphodiester linkage containing pro-Rp sulfur, suggesting that the non-bridging oxygen at the cleavage site does not coordinate magnesium ions [3] . In order to determine the importance of other pro-Rp oxygen(s), substrate RNAs were substituted with phosphorothioate forms of A, U, G, and C (AaS, UaS, GaS and CaS) and tested for their ability to be cleaved by the ribozyme. As shown in Fig. 2A , each of the four phosphorothioate-substituted RNA molecules were cleaved efficiently by the ribozyme at 37 °C. Steady state kinetics were analyzed for each of the four cleavable phosphorothioatecontaining substrates. Results (Fig. 2B) show that there are only minimal differences in the relative catalytic efficiency (k^t/Km) between the phosphorothioate and the unsubstituted substrate RNAs ( Figure 2B ). This very modest 'thio effect' of 1.4-3.0 is predominantly due to an increase in K M (data not shown), suggesting that partial phosphorothioate substitution destabilizes the ribozyme-substrate complex to a small extent. AaS, UaS, GorS and CaS respectively. AUGC, substrate RNA transcribed using all four nucleoskJc phosphorothioates. RZ, ribozyme. S, substrate. 5'P, 5' cleavage product. 3'P, 3' cleavage product. All RNAs were internally labeled with 32 P. Cleavage reactions were carried out as described [3] . Briefly, 0.1 pmol substrate was incubated with 0.02 pmol of ribozyme at 37°C for 10 min in ribozyme reaction buffer. Products were resolved on a 20% denaturing polyacrylamide gel. Substrate AUGC was incubated for 6 hours. (B) Cleavage efficiencies for phosphorothioate RNA cleavage by unmodified ribozymes. Values of IC^/KM were normalized to the unsubstituted substrate k^/Km value of 0.05 min^ nM" 1 .
Substitution of the substrate with multiple nucleoside phosphorothioates resulted in greater reductions in the cleavage rate (data not shown). The simultaneous introduction of all four nucleoside phosphorothioates into the substrate resulted in essentially complete inhibition of cleavage ( Fig. 2A) . No cleavage products were observed after extended reaction times (20 h), high magnesium concentrations (12 -150 mM) and temperatures of 4°C-50°C (data not shown). Thus, there is a synergistic effect of substitution with multiple nucleoside phosphorothioates on the inhibition of substrate cleavage.
In order to determine why the fully thio-substituted substrate was not cleaved by the ribozyme, we used native gel analysis to examine complex formation. Results showed that while large amounts of the ribozym-G + |A complex were readily observed, no complex between the ribozyme and the fully thio-substituted substrate could be detected (data not shown). Since we previously established that the ribozyme can efficiently cleave a thiophosphate linkage [3] , these results indicate that the lack of cleavage activity is due to a significant loss of substrate binding energy upon extensive phosphorothioate substitution within the substrate. 
RNA cleavage by phosphorothioate-substituted ribozymes
We asked if phosphorothioate-substituted ribozymes could cleave unmodified substrates. Ribozymes substituted with GaS, CaS and GCaS cleaved the unsubstituted substrate RNA efficiently at 37 C C in a 10 min reaction (Fig. 3A) . In contrast, ribozymes substituted with AaS, UaS and AUaS cleaved the unsubstituted RNA with greatly reduced efficiency. Only very small quantities of cleavage products were detectable when the fully thiosubstituted ribozyme was used. These results contrast with studies demonstrating that self-cleavage of the full-length minus strand of tobacco ring spot virus satellite RNA proceeded upon complete substitution with nucleoside phosphorothioates [5] . This difference is probably a consequence of cis versus trans cleavage, and the fact that helix 1 is stabilized in the satellite RNA by an extended secondary structure [1] .
Steady-state kinetics were performed on the phosphorothioatesubstituted ribozymes (Fig. 3B) . For the GaS-, CaS-and GCaSsubstituted ribozymes, catalytic efficiency (IC^/KM) was ^50% that of the unsubstituted ribozyme. For the AaS and UaSsubstituted ribozymes, catalytic efficiency was reduced to only 4% and 14%, respectively, of the unsubstituted ribozyme. Ribozymes fully substituted with all four nucleoside phosphorothioates had approximately 300-fold lower catalytic activity than did the unsubstituted ribozymes.
Construction and application of a two-piece hairpin ribozyme A novel two-piece hairpin ribozyme was developed to more precisely define the regions of the ribozyme responsible for the reduction in activity upon substitution with thiophosphates, and for use in experiments utilizing modified nucleotides. We assembled this molecule from two independently-synthesized RNA fragments (5'RZ and 3'RZ). In this construct, the ribozyme has been separated into two segments by extending helix 4 with three G-C base pairs and eliminating the three-base loop (Fig. 1) . These two segments associate in solution to give a hairpin ribozyme that cleaves the substrate RNA in a highly efficient manner (Fig. 4A) . Surprisingly, steady state kinetic parameters for the two-piece ribozyme were essentially unchanged from the one-piece construct (Fig. 4B) .
The two-piece ribozyme was tested with either or both of the two ribozyme fragments containing thiophosphates (Fig. 4C) . Substitution of the 5' fragment with AaS lowered the activity of the two-piece ribozyme by 90%, while AaS substitution of the 3' fragment had no significant effect on the reaction. UaS substitution within either the 5' or 3' ribozyme segment, independently or together, did not affect reaction rate. This contrasts with the significant inhibition of the one-piece ribozyme upon substitution with UaS described above. Although this effect is reproducible, its basis is unclear. These experiments indicate that there are no essential uridines within the ribozyme where phosphorothioate substitution cannot be tolerated. Consistent with results using the one-piece ribozyme, the introduction of either GaS or CaS into the 5' or 3' ribozyme fragments, independently or together, had no significant effect on the catalytic activity of the two-piece ribozyme. Thus, we conclude that essentially all inhibition of ribozyme activity by phosphorothioates results from substitutions at adenosine sites within nucleotides 1 -29.
Phosphorothioate inhibition of ribozyme activity results from loss of substrate binding energy
We examined the ability of phosphorothioate-substituted ribozymes to bind substrate using the native gel assay that measures binding to a noncleavable substrate analog. This analog contains a base substitution (G + ,A) that prevents cleavage but does not significantly destabilize the ribozyme-substrate interaction [4] .
As expected from their properties in activity assays, ribozymes substituted with GaS, CaS and GCaS bound the substrate analog with efficiencies comparable to the unsubstituted ribozyme (Fig. 5) . In contrast, phosphorothioate substitutions that inhibited cleavage activity (AaS, UaS and AUaS), showed significantly reduced binding activity (15%, 17%, and 2.5% of unsubstituted ribozyme, respectively). No substrate binding was observed for the inactive ribozyme simultaneously substituted with all four nucleoside phosphorothioates (GAUCaS).
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-ci5'3irea'O'3o i ecr RZ-B Figure 6 . Phosphorothioate interferencE experiments. The self-cleaving construct ( Fig. 1 ) was 5'-end labeled and partially substituted with phosphoroChioate NTPs during transcription as described [Methods and Materials, and Ref. 15] , and was incubated under conditions that permit self-cleavage of a 90% of unmodified RNA (7). Cleaved and uncleaved molecules were separated by preparative electrophoresis through a denaturing polyacrylamide gel. The two fractions were then cleaved at thiophosphate sites with 2-iodoethanol, and the products were then resolved on a 15% sequencing gel. A, U, G, C, partial substitution with AaS, UaS, GaS and CaS, respectively. Minus, uncleaved molecules. Plus, cleaved molecules. The region corresponding to the nbozyme sequence is indicated on the left and the position of adenosines in the ribozyme is indicated on the right.
We asked if the loss of cleavage activity by AaS, UaS and AUaS-substituted ribozymes could be rescued by increased Mg 2+ concentrations. Previous work on group I ribozymes has shown that the loss of activity induced by many mutations that disrupt RNA secondary and tertiary structure can be rescued by high Mg 2 " 1 " concentrations [21] . The high Mg 2 " 1 " concentrations act to stabilize weak interactions within the RNA [22] . We observed that MgCl 2 concentrations of 50 mM or higher increased the cleavage efficiencies of AaS, UaS and AUaSsubstituted ribozymes to levels equivalent to that of the unsubstituted ribozyme (data not shown).
These results indicate that some or all of the loss of ribozyme activity resulting from phosphorothioate substitution is caused by a decrease in binding energy. This decrease could result from any or all of several possible causes, including (i) destabilization of the two short helices between ribozyme and substrate (HI and H2; Fig. 1 ), (ii) destabilization of putative tertiary contacts between ribozyme and substrate, or (iii) disruption of secondary and/or tertiary structure within the ribozyme that indirectly affects substrate binding energy. Since substitution with UaS inhibits the one-piece ribozyme but not the two-piece ribozyme, it is likely that the UaS inhibition may result from an indirect structural effect that is idiosyncratic to the one-piece ribozyme.
Phosphorothioate modification interference analysis The observed loss of catalytic activity upon substitution of the ribozyme with AaS may be due to loss of an essential function associated with one or more specific pro-Rp oxygen atoms within 1-29) . Alternatively, the activity loss may result from an aggregate change in the structural properties of the polyribonucleotide chain that results from extensive phosphorothioate substitution. To distinguish between these possibilities, we used phosphorothioate interference experiments [13, 23] . For these experiments, a 5' end-labelled self-cleaving molecule was used in which the 3' end of the ribozyme was connected to the 5' end of the substrate via a pentacytidine bridge [7; Fig. 1 ].
In the standard reaction buffer (12 mM MgCl 2 , 2 mM spermidine, 40 mM Tris HO pH 8.0; 1), no significant differences in modification patterns between cleaved and uncleaved samples were observed [ Fig. 6 and data not shown). We established that the hairpin ribozyme requires significantly lower divalent cation concentrations for efficient activity (B. Chowrira, A. Berzal-Herranz, and J. Burke, unpublished results). Modification interference analysis was repeated under minimal salt conditions (3 mM MgCl 2 , 2 mM spermidine, 40 mM Tris HC1 pH 8.0), to determine if specific phosphorothioate sites inhibited cleavage. Under these conditions, no significant bias in the distribution of phosphorothioates between cut and uncut molecules were observed at any positions for GaS, UaS, and CaS. In the case of AaS, bands corresponding to A 7 , A9, and A l0 were somewhat overrepresented within the uncleaved RNA. Ratios of uncut/cut RNAs that were modified with phosphorothioates 5' to A 7 , A9, and A 10 were 1.8, 1.5, and 1.5, respectively. These results suggest that phosphorothioate substitution 5' to A 7 , Ag and A| 0 interferes with ribozyme activity to a greater extent than does substitution at other ribozyme positions. These conclusions are based on results of triplicate experiments. Variations in uncut/cut ratios were observed upon thiophosphate substitution at other sites, but these effects were either not reproducible or not great enough to be judged significant.
The three sites identified are located in a region of the ribozyme (Jl/2) where the local structure is unknown, but which exhibits strong sequence constraints (A. Berzal-Herranz, B. Chowrira and J. Burke, unpublished results). Since thiophosphates to the 5' side of A 7 , A9, and A ]0 appear to be more inhibitory than other thiophosphates in the molecule, it is possible that these pro-Rp oxygen atoms may participate in tertiary contacts within the ribozyme-substrate•Mg 2+ complex, but indirect structural effects are also possible and cannot be ruled out.
Highly active phosphorothioate-substituted ribozymes are resistant to cellular nucleases Phosphorothioate substitution provides enhanced nuclease resistance to RNA and DNA [13, 14, 16] . Since phosphorothioate substitution at all G and C sites within the ribozyme did not significantly decrease catalytic efficiency, we examined the relative stability of GCaS and unsubstituted ribozymes in a combined HeLa cell nuclear and cytoplasmic extract.
The naturally occurring ribozyme has adenosine residues at both its 5' and 3' ends, although a 5' guanosine has been added for T7 RNA polymerase transcription. To protect against exonucleases, the ribozyme was synthesized with a 5'-terminal extension of two guanosine resides and a 3'-terminal extension of two cytidine residues (Fig. 1) . The GCaS-modified ribozyme efficiently cleaved the substrate under standard reaction conditions (data not shown). For the stability experiments, unmodified and GCaS-modified ribozyme were internally labelled with trace quantities of a-32 P CTP during transcription. Modified and unmodified ribozymes were incubated separately with a freshly prepared mixture of HeLa nuclear and cytoplasmic extracts at 37°C in cleavage buffer.
Unmodified ribozymes were rapidly degraded in the extract (Fig. 7) . Pancreatic ribonuclease inhibitor effectively protected the ribozymes from degradation. The modified ribozyme showed remarkably higher resistance to degradation by endogenous ribonucleases. Incorporation of phosphorothioates increased the estimated half-life of the ribozyme over that of the unmodified molecules by more than a factor of ten. The enhanced resistance of the GCaS-modified ribozyme to degradation by cellular ribonucleases without significant loss of catalytic activity has significant implications for in vivo applications of ribozyme technology.
